Abstract. Ecologists have long struggled to explain variation in food-chain length among natural ecosystems. Food-chain length is predicted to be shorter in ecosystems subjected to greater disturbance because longer chains are theoretically less resilient to perturbation. Moreover, food-chain length is expected to be longer in larger ecosystems because increasing ecosystem size increases species richness and stabilizes predator-prey interactions, or increases total resource availability. Here we test the roles of disturbance and ecosystem size in determining the food-chain length of terrestrial food webs on Bahamian islands. We found that disturbance affected the identity of top predators, but did not change food-chain length because alternative top predators occupied similar trophic positions. On the other hand, a 10 6 -fold increase in ecosystem size elevated food-chain length by one trophic level. We suggest that the effect of disturbance on food-chain length is weak when alternate top predators are trophic omnivores and have similar trophic positions. This and previous work in lakes suggest that ecosystem size may be a strong determinant of food-chain length in both aquatic and terrestrial ecosystems.
INTRODUCTION
Food-chain length is an important characteristic of biological communities. Variation in food-chain length influences primary and secondary productivity (Carpenter and Kitchell 1993) , nutrient cycling and community stability (DeAngelis et al. 1989) , and the bioaccumulation of contaminants in top predators including many consumed by humans (Cabana and Rasmussen 1994, Kidd et al. 1998) . Ecologists have proposed several hypotheses to explain natural variation in food-chain length (Pimm 1982 , Lawton 1989 , Post 2002a ), but no clear answer has been reached. Among potential determinants in previous hypotheses, disturbance and ecosystem size have attracted considerable recent attention (Post 2002a ). In the dynamic constraints hypothesis, more frequent or more intense disturbance is predicted to shorten food-chain length because simple theoretical models suggest that longer chains are less resilient, and thus unlikely to persist in disturbed habitats (Pimm and Lawton 1977) . Except for a few experiments that lend indirect support (Jenkins et al. 1992, Lawler and Morin 1993) , there is little direct evidence for an effect of disturbance on food-chain length in natural systems (Post 2002a) . The ecosystem size hypothesis (Post et al. 2000) predicts that food-chain length will be longer in larger ecosystems because larger space can retain more individuals and thus more species (Cohen and Newman 1991) , foster metapopulation persistence of higher trophic levels (Holt 1996) , and stabilize predator-prey interactions (Spencer and Warren 1996, Holt 2002) . The productive space hypothesis also predicts that increasing ecosystem size will increase food-chain length because larger ecosystems provide greater total primary production (local primary production 3 ecosystem size) that can support longer food chains (Schoener 1989) . Several studies have found an effect of ecosystem size on food-chain length in aquatic food webs (Spencer and Warren 1996 , Post et al. 2000 , Thompson and Townsend 2005 , but there exists only indirect evidence from terrestrial food webs that higherorder predators tended to occur on larger ecosystems Schoener 1983a, Schoener 1989) . Trophic omnivory, defined as feeding on more than one trophic level, can have profound influences on foodchain length. Growing empirical evidence suggests that both the presence/absence of predators on the top of food webs and shifts in the top predator's trophic position are fundamental causes for natural variation in food-chain length (Post et al. 2000, Post and . Trophic position is a continuous index averaging the number of trophic levels from basal species to a consumer through all trophic pathways. When top predators are trophic omnivores, changing their primary diets from lower trophic levels to higher trophic levels will increase their trophic position, leading to an increase in food-chain length (Diehl and Feissel 2001 . Moreover, adding higherorder predators to the top of food webs does not necessarily cause an increase in food-chain length, if they are trophic omnivores feeding on multiple lower trophic levels.
Here we test the effects of disturbance and ecosystem size on food-chain length of terrestrial food webs found on Bahamian islands. Storm surges that inundate small islands, typically caused by hurricanes and winter storms, have profound influences on food-web structure and dynamics because they extirpate spider and lizard populations , and alter plant-animal interactions (Spiller and Agrawal 2003) . Ecosystem size, in this case island area, can strongly affect species membership of insular food webs (Schoener and Schoener 1983b) and modify the strength of local species interactions (Schoener and Spiller 1987) . These observations suggest that both disturbance and ecosystem size may jointly affect food-chain length on islands in the Bahamas.
The top of the food webs found on small-to mediumsized islands are occupied by orb spiders and Anolis lizards (see Plate 1), both omnivores that prey upon herbivorous and predatory arthropods (Schoener 1989) . Anolis lizards also prey upon orb spiders. Here we define food-chain length as the trophic position of the apical predator (i.e., top predator with the maximum trophic position; . The trophic positions of spiders and lizards were estimated by stable isotope techniques, which provide an energy-flowweighted measure of trophic position (Post 2002b) . We also surveyed visually the identity of the top predators on each island, and evaluated the effects of disturbance and ecosystem size on the incidence of Anolis lizards.
METHODS

Study region and environmental gradients
Our study islands were located around Great Exuma, Bahamas (23830 0 N, 75846 0 W; Fig. 1 ). The effect of disturbance was compared between islands exposed to and protected from storm surges. Protected islands were in the waters surrounded by the three largest islands: Great Exuma, Little Exuma, and Stocking. Exposed islands were in the open waters to the southwest of Great Exuma Agrawal 2003) . The effect of ecosystem size was examined across islands of various size ranging from 5.0 3 10 2 to 3.0 3 10 8 m 2 . This range is comparable to the range of ecosystem size along which a significant increase in foodchain length was detected in North American lakes (Vander Zanden et al. 1999 , Post et al. 2000 . There was no significant difference in ecosystem size between exposed and protected islands (two-sided, two-sample Kolmogorov-Smirnov test, D ¼ 0.35, P ¼ 0.26).
Stable isotope sampling
Lizards and spiders for isotope samples were collected on 19 exposed, 14 protected, and the three largest islands. We collected spiders and lizards from each island during one-week sampling sessions in December 2003 , May and October 2004 , July and October 2005 , and October 2006 . Some islands were visited more than once. On each island, we sampled terrestrial plants, spiders, and lizards in an area devoid of C 4 plants, which were usually rare on the study islands. For small islands, the sampling area was typically the entire island. For islands larger than 10 000 m 2 , we sampled areas .20 m inland from the shore. All of the sampled lizards were the most common species in the Bahamas, Anolis sagrei. Sampled orb spider species included the common species: Argiope argentata, Gasteracantha cancriformis, Metepeira datona, and Nephila clavipes. We collected the whole bodies of spiders (3-15 individuals per island, median ¼ 5) and tail tips (;2 cm) of adult lizards (2-10 individuals per island, median ¼ 5). Lizards were released on site immediately after they were handled. We found no significant difference in paired t test: t 9 ¼ 0.30 and P ¼ 0.77 for d 15 N; t 9 ¼ 1.2 and P ¼ 0.28 for d 13 C). Because lizards and spiders on our study islands can receive a significant amount of carbon and nitrogen from both terrestrial and marine sources, we sampled terrestrial plant leaves for the terrestrial isotopic baseline, and marine-derived detritus (particulate organic matter, POM) for the marine isotopic baseline, of our study food webs. Isotopic baselines are the isotopic signatures of producers (or primary consumers) to account for spatial and temporal variation in isotopic signatures at the base of food chains when calculating the trophic positions of secondary consumers (Post 2002b) . For the terrestrial isotopic baseline, we haphazardly sampled plant leaves within a 20 m radius from the area where spiders and lizards were collected. We decided that 20 m was an appropriate scale for capturing spatial variation in the isotope signature of terrestrial plants because orb spiders are sedentary and lizard territories average ;10 m 2 (Schoener and Schoener 1982) . From each of five plants on small islands and 10 plants on large islands, we collected and combined five leaves into a single isotope sample. Major plant species included Borrichia arborescens, Coccoloba uvifera, Coccoloba diversifolia, Conocarpus erectus, and Pithecellobium keyense. Marine POM was sampled at two locations in the low-littoral zone of each island by filtrating up to 6 L of seawater through 1-lm mesh glass fiber filters. Because marine POM collected in this way provides a short temporal snapshot of the marine isotopic baseline, we averaged the d 15 N and d 13 C of marine POM across all sampling sessions to obtain d 15 N mar and d 13 C mar . Macro green algae (probably Neomeris or Batophora) in the low-littoral zone of each island could also be a source of marine-derived material to spiders and lizards, but using green algae as the marine isotopic baseline did not change our conclusions (see Appendix).
Sample preparation and stable isotope measurements
All samples were dried at 558C for 48 h. Plant leaves, spider bodies, and lizard tails were ground to fine powder. The POM filters were cut into halves; one-half was used to 
Estimates of food-chain length and statistical analysis
We estimated food-chain length as the trophic position of the apical predator (Post et al. 2000, Post and 15 N per trophic level. For all but the largest islands, we estimated the trophic position of each spider and lizard using a two-endmember mixing model for isotopic-baseline correction (Post 2002b) . For the three largest islands, spiders and lizards were collected from the center of the island where marine inputs were minimal; therefore, we used terrestrial plants as the single isotopic baseline for calculating trophic position. We employed as the nominal values the standard trophic fractionation of 3.4ø for d 15 N and 0ø for d 13 C, and also confirmed that deviation from these values did not alter our conclusion (Appendix). All statistical analyses were performed in R version 2.4.1 (R Development Core Team 2006).
RESULTS
We found a strong significant positive relationship between ecosystem size and food-chain length among protected and exposed islands without the largest islands (ANCOVA, F 1,31 ¼ 20.1, P , 10 À4 , food-chain length ¼ 0.270 log(area) þ 0.831, R 2 ¼ 0.39; plotting residuals vs. fitted values showed no trend), but no effect of disturbance on the intercept (F 1,30 ¼ 0.80, P ¼ 0.38) or the slope (the ecosystem size 3 disturbance interaction, F 1,29 ¼ 0.82, P ¼ 0.37) of the relationship between ecosystem size and food-chain length. Because disturbance had no effect, we included data from the three largest islands to further investigate the relationship between food-chain length and ecosystem size. The relationship for all islands combined was best represented by the asymptotic model (2.99 [1 À exp(À0.26 log area)]; Fig. 2) , which explained 55% of the variation in food-chain length (R 2 ¼ 0.55). Food-chain length increased by about one trophic level from the smallest to the largest islands.
Both disturbance and ecosystem size influenced the identity of the apical predators. The incidence of Anolis lizards increased with ecosystem size ( Fig. 3 ; GLM with binomial errors and logit link, v 2 1 ¼ 34.8, P , 10 À8 ), and was lower on exposed than protected islands (v 2 1 ¼ 11.1, P ¼ 0.001; logit incidence ¼ À17.5 þ 4.6 log area for exposed islands, and logit incidence ¼ À14.2 þ 4.6 log area for protected islands). The interaction between disturbance and ecosystems size was not significant (v 2 1 ¼ 0.18, P ¼ 0.67). Orb spiders were found on most islands without Anolis lizards.
Changes in the identity of the apical predators did not translate into the shifts of food-chain length with ecosystem size. ANCOVA with apical predator (lizard vs. spider) as a main effect and ecosystem size as a covariate found no evidence that difference in the apical predators changed food-chain length (apical predator effect, F 1,30 ¼ 2.34, P ¼ 0.14; ecosystem size 3 apical predator interaction, F 1,29 ¼ 0.0050, P ¼ 0.94).
DISCUSSION
Disturbance and ecosystem size have been hypothesized as major determinants of food-chain length (Pimm 1982 , Lawton 1989 , Post 2002a ), but no study to our knowledge has tested their simultaneous effects on food- chain length in natural ecosystems. While disturbance was shown to strongly affect food-web structure and dynamics on small islands of the Bahamas (Spiller and Agrawal 2003) , we found no evidence that disturbance influenced food-chain length. On the other hand, the effect of ecosystem size on food-chain length was highly significant. Our results support the hypothesis that ecosystem size, but not disturbance, affects food-chain length on these islands.
Why did we not find an effect of disturbance on foodchain length? We did find that disturbance affected the identity of the apical predators; orb spiders were the apical predators on small exposed islands and Anolis lizards were the apical predator on small protected islands. However, this difference in the identity of the apical predators did not change food-chain length; lizards on small protected islands occupied a low trophic position similar to that of orb spiders on small exposed islands (Fig. 2) . Previous observational and experimental studies on Bahamian islands suggest that the coexistence of orb spiders and Anolis lizards is difficult on small islands (Schoener and Toft 1983 , Schoener and Spiller 1996 , and in this study we rarely observed orb spiders on small protected islands that had Anolis lizards (D. A. Spiller and G. Takimoto, personal observation). The pattern on small islands is caused by very intense lizard predation on orb spiders. Field experiments revealed that lizard predation on orb spiders was devastating on small islands (Schoener and Spiller 1996) , but weaker on a large island . This suggests that strong predation by lizards extirpated or drastically reduced orb spiders and other predatory arthropods on small protected islands, shifting the diet of lizards toward organisms at lower trophic levels such as herbivorous arthropods, and effectively lowering the trophic position of lizards. Therefore, the presence of lizard populations on small protected islands did not cause an increase in food-chain length. On the other hand, an increase in ecosystem size promotes coexistence of lizards and predatory arthropods. This allows lizards to feed on predatory arthropods on larger islands, increasing the trophic position of lizards, and thus promoting longer food chains.
We note that our exposed and protected islands were spatially clustered, which might have confounded the effect of disturbance. Apart from the levels of disturbance, the protected and exposed islands may differ in at least two other respects (Spiller and Agrawal 2003) . First, the exposed islands are generally more distant from the largest island, Great Exuma (Fig. 1) . This might result in some predators being absent from exposed islands and shorten food-chain length, potentially exaggerating the expected negative effect of disturbance. Yet this seems to have had little influence given that we found no disturbance effect. Second, exposed islands might receive higher rainfall when the predominant eastern trade winds blow across the warmer land mass of Great Exuma, causing rainfall on these islands but not on the protected ones. This could counter the expected disturbance effect by enriching and therefore lengthening food chains on exposed islands in accordance with the productive space hypothesis. The second possibility might partially explain the lack of a disturbance effect in our system.
This study provides the first quantitative evidence for the effect of ecosystem size on food-chain length in a terrestrial ecosystem. Our finding is consistent with related evidence that food-chain length was truncated in fragmented landscapes (Komonen et al. 2000, Kruess and Tscharntke 2000) , although fragmentation may not always reduce food-chain length (Mikkelson 1993) . Beyond terrestrial systems, our result parallels the finding from North American lakes in which increases in food-chain length strongly correlated with increases in ecosystem size (Vander Zanden et al. 1999 , Post et al. 2000 . On the other hand, a recent meta-analysis of aquatic food-chain length across the globe did not generally find evidence for the relationship between ecosystem size and food-chain length (Vander Zanden and Fetzer 2007) . Arguably, biogeographic and coevolutionary histories play important roles in determining food-chain length (Kitching 2000 , Post 2002a ). Our results and that of others suggest that ecosystem size is an important determinant of food-chain length for food webs sharing the same regional species pool.
The ecosystem size hypothesis (Post et al. 2000) suggests that an increase in ecosystem size enhances species richness (Cohen and Newman 1991) , stabilizes predator-prey interactions (Spencer and Warren 1996) , and fosters metapopulation persistence of higher trophic levels (Holt 1996) ; all of these favor a longer food chain. Our results suggest that, unlike the original suggestion of disturbance by Pimm and Lawton (1977) , ecosystem size is a rather important driver that determines the effects of dynamic constraints on food-chain length. Large islands provide spiders and other carnivorous arthropods with spatial refuges from lizard predation where lizards are temporally or permanently absent. It is also possible that the species-area relationship (Connor and McCoy 1979, Rosenzweig 1995) dictates higher species richness on larger islands; this may provide alternative prey for lizards and carnivorous arthropods, potentially stabilizing intraguild predation (Daugherty et al. 2007 , Holt and Huxel 2007 , Namba et al. 2008 . These suggest that ecosystem size may act to alleviate dynamic constraints in our system. Although the productive space hypothesis, emphasizing the effect of resource availability, predicts longer chains in larger ecosystems (Schoener 1989) , our study was not designed to test between the ecosystem size vs. productive space hypotheses because we did not measure primary production (such a test would require independent gradients of ecosystem size and local productivity as in Post et al. [2000] ).
Changes in food-chain length on our islands were driven primarily by shifts in the trophic position of top predators rather than differences in the identity of top predators, suggesting that structural changes at the middle of food webs are important. Shifts in the top predator's trophic position can occur either by changing the proportions in their diet from different trophic levels (without changing the number of species in food webs), or by inserting new intermediate predators (Post et al. 2000, Post and . Both mechanisms may be at play on our islands. Anolis lizards feed on a wide trophic spectrum (Schoener 1968) , possibly changing the degree of trophic omnivory as ecosystem size changes. However, at least on the largest islands where lizards and orb spiders coexisted, lizards and spiders showing similar trophic positions (Fig. 2) suggest that the incidence of spiders in lizard diets was not large enough to make their trophic position higher than that for spiders. On the other hand, larger islands tend to contain a greater number of intermediate predators such as parasitoids (Schoener et al. 1995) and other carnivorous arthropods (M. Murakami and T. Hirao, unpublished data), as is expected from the species-area relationship. These would insert new intermediate trophic levels, increasing the top predator's trophic position. Altogether, the combination of opportunistic feeding by lizards and spiders and higher prey diversity following from the species-area relationship appears to play a large role in increasing their trophic position with increasing ecosystem size. Unlike our results, both the trophic position and alternation of top predators are similarly important in the North American lakes (Post et al. 2000) . For the Bahamian islands, Schoener (1989) suggested that in addition to spiders and Anolis lizards, higher-order predators, such as birds, snakes, and larger lizards capable of preying upon Anolis lizards, might elevate food-chain length on larger islands. Whether the addition of these higher-order predators can actually increase food-chain length on the Bahamian islands will depend on their trophic position.
In conclusion, we suggest that a simple relationship between disturbance and food-chain length may be obscured by complex responses of natural food webs with trophic omnivory to perturbations (Menge and Sutherland 1987 , Power et al. 1996 , Post 2002a ). On the other hand, a shift in the diet of omnivorous top predators can be a major structural mechanism causing a positive effect of ecosystem size on food-chain length. Our results support the growing evidence for a positive effect of ecosystem size on food-chain length in aquatic ecosystems (Spencer and Warren 1996 , Vander Zanden et al. 1999 , Post et al. 2000 , Thompson and Townsend 2005 and now in a terrestrial ecosystem.
